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Abstract

:

For the wiredrawing of aluminium, the initial wire rod is obtained by continuous inverted casting. The raw geometry is industrially processed in a linear multi-step wiredrawing sequence to obtain a wire that is commonly used for the manufacture of electrical conductors. In the present work a complete study of the material has been made. The experimental procedure consisted in the realization of a sequence of section reduction stages in the laboratory, a sequence designed following the technological criteria recommended by the manufacturer of the drawing machine in which the industrial process will be implemented. From the specimens corresponding to each reduction step, it has been possible to know the evolution of the main mechanical properties when this pure aluminium is processed by wiredrawing. This information has led to establish the hardening law by which it is possible characterize the plastic behaviour of this pure metal when it is transformed by this specific sequential process of cold forming. The strain hardening law has been implemented in a numerical simulation software application and the experimental setup has been simulated for its validation. Finally, the classic analytical solution founded in the “slab method” has been applied for the design of a proposal for the optimization of the industrial wiredrawing process.
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1. Introduction


Cunext Group is an Andalusian business group that has been dedicated for years to the transformation of copper of the highest quality and today goes a step further into the aluminum industry. Belonging to this business group, the production plant located in Córdoba (Cunext Copper Industries S.L., Córdoba, Spain) until now has been dedicated, among other products, to the manufacture of copper wire by wiredrawing but is currently immersed in the start-up of a new production line to obtain pure aluminum wire. Their goal: to be a leader in the manufacture of efficient materials for the transmission of electrical energy and data.



Along with copper, aluminium has an electrical conductivity high enough for use as an electrical conductor. Although the conductivity of the EN AW-1370 aluminium alloy [1] is scarcely around 62% annealed copper, it is only one third the weight and can, therefore, conduct twice as much electricity when compared with copper of the same weight. The EN-AW 1XXX series aluminium alloys, defined as controlled unalloyed pure aluminium composition, are commonly used in the electrical, food packaging and chemical industries, among others [2], and one of the main characteristics of these alloys is that they can only be hardened by cold working [3].



In the wiredrawing process, a wire rod obtained by continuous casting [4] is used as a raw material, which has been prepared, cleaned and fastened so that it can be passed through the first die of the multi-step processing sequence. This cold metal forming technique is used to obtain cables, tubes, rods and bars by means of a progressive reduction applied in the area of the section of the processed product. The degree of deformation and how this deformation has been applied will directly affect the mechanical properties of the final product, improving to a greater or lesser extent its efficiency and resistance in service conditions.



The drawing force (Fe) is the pulling force required in the wire, at the exit of the die, to be able to pass through it reducing its diameter and producing the corresponding elongation. This drawing force is mainly a function of [5,6]: die semi-angle (α), calibration length (Lc), reduction rate (r), defined by entrance diameter (d0) and exit diameter (df), yield limit of the metal (σY), and the friction coefficient in the wire-die interface (μ), as a function of the wire-die material, lubrication and velocity.



Cold working describes the process to modify the mechanical characteristics of a metal by changing its shape, without heating it to its recrystallization temperature. The work hardening of the metal involves a substantial increase in value of the yield limit (σY) and of breaking limit (σuts). The determination of this condition is essential to be able to design a multi-stage wiredrawing process optimally, allowing to use analytical and numerical methods for the design of the sequence of stages and for the analysis of the wiredrawing process [7,8].



To foretell the behaviour of a plastically-deformed ductile metal, used the Ludwik–Hollomon law [9] must be, shown in Equation (1). In this expression, C is the coefficient of resistance to plastic deformation and n is the coefficient of hardening by deformation, both constants associated with the metal. This equation allows determining the value of the yield limit of the metal as a function of the accumulated deformation ε, after any of the stages of the multi-stage sequence:


   σ  Y  ( i )    =  σ  Y  ( 0 )    + C ×    (   ε   ( i )     )   n   



(1)






  ε = l n  (     A 0     A f     )   



(2)







Among others analytical models, the “slab method” is used to estimate the force (Fe) necessary to produce the deformation [10,11]. This method is based on the analysis of the state of equilibrium in the wire-die system just when the process reaches its stationarity and is easy to apply in axi-symmetric geometries. This analytical method offers good results if the effects of work hardening and wire-die friction are adequately implemented, but it is limited to very specific hypotheses and conditions, like homogeneous deformation and constant friction [12].



On the other hand, the finite element analysis (FEM) allows numerical simulations to be performed in which it is possible to determine the drawing stress not only at the die exit but also in the deformation zone [13,14]. In addition, this type of engineering software allows to see the distribution of strain, both in the final product and in the zone of deformation inside the die, among many other characteristics. In must to be noted that previous works consulted demonstrated the applicability of the FEM, obtaining results agree with experimental data in the prediction of the drawing force and wire breakage, allowing the study of the stress-strain distribution in the drawn material besides facilitating the analysis of the influence of the die geometry in the process [14,15,16,17,18,19,20,21].



In this work, a progressive wiredrawing sequence has been performed to obtain the samples needed to perform the tensile tests, starting from an aluminium rod wire obtained by inverse continuous casting. These samples were used to characterize the work hardening behaviour of the metal object study. From the results obtained, the Ludwik–Hollomon equation form of a strain hardening law has been determined for the EN AW-1370 aluminium processed by wiredrawing. The first objective of this work has been to define the hardening law that faithfully describes the evolution of the yield strength as a function of the degree of deformation applied in the process. This law is very useful for its implementation in the design and analysis of the multi-stage wiredrawing process of this specific material.



The final objective is focused on the implementation of the material behaviour law for the study of the multi-stage drawing of aluminum by means of the numerical method (finite element method) and analytical (slab method) implemented in recent computer applications. The results of the corresponding numerical analysis of the sequence of reductions studied have been presented, using the numerical simulation software Deform [22] and the PullWorks [23] software has been presented as an option for the study of the possibilities of optimization of this specific sequential process.



This research work, performed in collaboration with Cunext Copper (Cunext Copper Industries S.L., Córdoba, Spain) [24,25], provides a method and procedure to define the behaviour law of a ductile metal subjected to the sequential multi-stage wiredrawing process, demonstrating that, through the complete study of the material and the implementation of the numerical method for the analysis of the process, it is possible to analyse and evaluate the technical characteristics of the tooling (dies) and drawing equipment (machine) in order to propose possible improvements in the industrial process.




2. Materials and Methods


2.1. Raw Material Object of Study


To obtain the samples tested in this work, a continuous multi-stage process has been designed, in which the wire-rod is passed through a series of consecutive reduction steps (drawing dies), reducing its diameter until reaching more than 90% in the value of the cumulative section reduction, a value very close to the admissible plastic forming limit of EN AW-1370 aluminium without annealing treatment. The chemical composition of this alloy is shown in Table 1 and was measured by scanning electron microscopy–energy dispersive X-ray spectroscopy (SEM–EDX) equipment (Jeol JSM 7800F, Jeol Ltd., Tokyo, Japan).



Aluminium presents a density around one third that of copper making it one of the lightest industrially and commercially used metals. Aluminium, in comparison with other metals, increases its tensile strength increases with decreasing temperature while retaining its toughness. In addition, the excellent resistance to corrosion at air exposure of this metal is well known. On the other hand, cold working and heat-treating can all be utilised to tailor the properties of pure aluminium.



In the case of multi-stage wiredrawing, the sequence of consecutive stages and geometric design of each drawing die will condition the final mechanical properties of the aluminium wire [8]. The wiredrawing sequence established in this experiment starts from a diameter of 9.43 mm and the raw aluminium rod has been obtained by an upwards vertical casting system. The in-line wiredrawing machine used to process the wire up to its final diameter of 2.70 mm is shown in the Figure 1.



The initial casting aluminium rod-wire has been subjected to the corresponding tensile test and the mechanical properties measured are shown in Table 2.




2.2. Equipment, Tooling and Lubrication


A Niehoff MSM-86 multi-stage wiredrawing industrial machine (Niehoff Stranding Technology, Badalona, Spain) has been used to realize the experimental sequence of reductions, mounting each one of the eleven dies for the wiredrawing sequence established for the cold forming of the consecutive samples. The production speed in the industrial process has been set at 21,000 mm∙s−1.



The Niehoff MSM 86 wiredrawing machine works under the principle of “sliding capstans” to avoid instabilities in the wire before each drawing die. This backpull system is perfectly described by Valverg [20]. In this system, basically, the pulling capstan works at a slightly higher speed to that necessary to absorb the elongation of the stretched wire; then the pulled wire undergoes a slow backward sliding movement in relation to the capstan surface. In this way, this effect causes that, in the next step and just after the pulling capstan, a minimum tensile load will maintain the back-pulling effect on the wire ahead of the next die. The backpull effect can be neglected for calculation of the total drawing force. The preliminary calculations made with PullWorks application (in which the analytical method for the calculation of backpull stress is implemented [26]) demonstrated that this component achieves a very small value compared to the drawing force necessary to deform the wire through the die. These calculations have been done for μ = 0.47, friction coefficient between mild steel and aluminium [27]. Definitively, its effect has been dismissed in order to simplify the definition of boundary conditions for the numerical simulations performed in this work.



The dies used are made with steel body and polycrystalline diamond (PCD) core, designed with a die semi-angle α = 18° [28] and a calibration length Lc = 0.30∙df, designed and supplied by Esteves Group (Esteves Group España, Barcelona, Spain) [29]. The geometry of each one of the dies has been verified by the computer application Drawing Die Wizard [30]. All the wiredrawing dies have been designed under the specifications of the specialists of the Esteves Group company and, together with the experience of the company Cunext Copper, allowed to preselect the most appropriate geometrical parameters for the construction of the drawing dies used for this work. It must be noted that Wistreich [20,31,32,33] determined the optimum die semi-angle values between 4–10°, associated to a reduced drawing stress, for copper wiredrawing but, in the aluminium case, the optimum die semi-angle can reach 8–18° in the sequential multi-stage wiredrawing [12,34].



The sequential wiredrawing process setup is shown in the Table 3 and the geometry and construction of the dies used is represented in Figure 2.



This study is focused on the numerical simulation of the industrial wiredrawing process that is currently in production at the Cunext Copper company workshop. We have sought to characterize this specific sequence constituted in 11 dies/stages in a machine that allows a maximum of 12 dies in line. As is shown (Table 3), the sequential wiredrawing process object of this study reaches a total value of 91.93% in area reduction. The industrial sequence works near 20% in every stage, according to the recommendations for this metal shown in diverse documents consulted [1,2,3] and backed by the experience of the manufacturer and the die maker.



The PCD (poly-crystalline diamond) presents its lower coefficient of friction μ for a medium grain [35]. Even so, the process requires a good water-oil emulsion lubrication for its proper operation and for this reason Metalube Lubricool 22G oil-water-based emulsion has been used (Metalube Limited, Manchester, UK) in the process experiment. The water-oil emulsion has been applied in a complete immersion box so that the drawing dies are completely submerged in all the stages.



In the plastic forming process of most metals, the friction between wire-die plays a crucial part. Forces, flow patterns, tool wear and surface finish of the product, as well as the capacity of the technical equipment, are all affected by this factor. A complete analysis of this process considers the coefficient of friction as a variable and a quantitative knowledge of its value acting during processing is essential [36].



As has been noted in various papers consulted, the experimental determination of the coefficient of friction is a complex and laborious task [36,37]. In the present work, FEM simulations have been performed considering μmáx = 0.2 between cast aluminium and PCD [37].



From this experimental setup, a strain hardening law was determined and implemented with the aim of analyse the material behaviour in each one of the drawing stages.



The uniaxial tensile tests were made on a Shimadzu AG-250kN Xplus machine (Shimadzu Europa GmbH, Griesheim, Germany) and the data collected by TrapeziumX software (Shimadzu Europa GmbH, Griesheim, Germany). The samples are 100 mm long and the length between control points (Lo) is defined by Equation (3) as a function of the initial section (So), where k is proportionality coefficient (k = 5.65) [38]:


   L 0  = k    S 0     



(3)







Additionally, the material study has been complemented with the analysis of the aspect in the fracture zone present in the samples submitted to the tensile tests and the fracture nature has been shown in the images obtained by scanning electron microscopy performed on Jeol JSM 7800F equipment (Jeol Ltd., Tokyo, Japan).



Consequently, this work concludes with the numerical analysis of the current process to define, by the analytical method, an optimized alternative to this industrial multi-stage process for the manufacturing of aluminium wire, as a roughing semi-finished product in the wiredrawing machine in operation at the facilities of the company Cunext Copper.




2.3. The Finite Element Method Implementation: Deform 2D Software


Once metal hardening law has been defined, each one of the eleven the stages corresponding to the area reductions applied in the experimental setup have been modelled by the Deform 2D (Scientific Forming Technologies Corporation, Columbus, OH, USA) FEM software application with the aim of numerically analysing the material behaviour [22].



The model consists of a geometric design of the wire-die and a definition of the materials, as well as the boundary conditions of the wire-die system in the preprocessor module interface [39]. An axi-symmetric wire-die dynamic system has been considered, establishing an adequate number of calculation steps for each wiredrawing stage, saving results every five steps to speed up the system. In the preprocessor, the 2D wire-die geometries and the nature of each of them have been defined: perfect rigid and plastic, respectively. The finite elements meshing that constitute the wire must be created and the wire material assigned to it. The speed (v) of the wire has been defined as a collinear movement with the axis of revolution of the die (mm∙sec−1), calculated by Equation (4) applied to each drawing step and considering vf = 21,000 mm∙sec−1 (21 m∙sec−1) at the output of the last die in the process. Finally, the process was considered isothermal at 20 °C in the numerical simulations. The influence of the backpull effect has not been implemented in the FEM simulations.


vo × Ao = vf × Af



(4)







From the database of the model, the processor has been able to generate the simulations for each stage that constitutes the studied sequence. The Deform 2D postprocessor analyses the evolution of the different variables during the process, allowing knowing the state of the metal in the deformed wires after finishing each stage or reduction step.




2.4. Process Design by the Analytical Method: PullWorks Software


This work culminates with the design and analysis of the multi-stage wiredrawing process through the so-called “slab method”. The PullWorks software application [8] has been applied for this purpose. This computer aided manufacturing (CAM) tool is based in the analytical solution known as “slab method”. This method is founded in the study of the balance of forces involved in the wire-die system (Figure 3), since its mathematical implementation is simple and by virtue of which the results agree with the data from experiments and simulations that have been obtained in consulted works [5,9,40].



For each of the stages in the multi-stage process, the input variables for this analytical procedure are, in addition to the strain hardening law and the properties of the material to be processed, the die semi-angle (α), calibration length (Lc), area reduction defined by the initial (d0) and final diameters (df) and the coefficient of friction (μ) in the die-wire interface. The value and distribution of the strains in the drawn wire section and the drawing force implied in the process (Fdraw) are a consequence of a homogeneous and an inhomogeneous deformation of the material as a function of the geometry of the die considering the friction action in the interface [5,8,13,41].



The PullWorks software tool is easy to use but, nevertheless, it is required that the user has sufficient knowledge about the operation of the process. The user must indicate all the working input conditions in the software interface: the material strain hardening law, the geometric parameters of each of the dies and the tribological parameters involved in the process. In this way, the software allows a minimum value for the shape coefficient Δ in all the process, facilitating the multi-stage wiredrawing sequence design. This shape coefficient is the quotient between the average diameter (dm) and the contact length in the die, defined in the Equation (5) as a function of the input diameter (d0), the output diameter (df) and the die semi-angle (α):


  Δ =    d m   L  =    d 0  +  d f     d 0  −  d f    × s i n α  



(5)







Once the strain hardening law of EN AW-1370 aluminium (processed by wiredrawing) has been experimentally defined and numerically evaluated, the optimum sequence of stages for the industrial roughing wiredrawing process object of this study has been proposed with the aid of the PullWorks software application and considering all the process conditions and main variables [9,40].





3. Results and Discussion


3.1. Strain Hardening Law Definition and Study of the Samples


The multi-stage wiredrawing sequence object of study is constituted in a progressive reduction, from Ø 9.50 to Ø 2.70 mm, and allowed us to obtain the samples used in the tensile tests.



Figure 4 shows the tensile test graph obtained by the TrapeziumX software, used in a Shimadzu AG-250kN Xplus machine. Table 4 shows the calculated process data and the results obtained after the tensile tests.



Consequently, the Ludwik–Hollomon strain hardening law of EN AW-1370 aluminium processed by wiredrawing has been determined by regression. The corresponding curve is graphically shown in the Figure 5, is expressed by the Equation (6) and represents the evolution of the yield point as a function of the degree of deformation applied by cold drawing.


   σ  Y  ( i )    = 74.2 + 59.804 ×    (   ε   ( i )     )    0.44    



(6)







The Ludwik–Hollomon type law of hardening by cold deformation allows to predict the values of the yield stress (σY) by its implementation both in the analytical model and in the numerical applied in this case of study. This law faithfully describes the tendency that presents the value of the yield stress (σY) as a function of the unit deformation (ε), in any stage of the sequential wiredrawing process. The values corresponding to the hardening constants are C = 59.804 and n = 0.44 and the yield strength of the EN AW-1370 pure aluminium in its annealed initial state is σY(0) = 74.2 MPa.



Figure 6 shows the aspect of breakage zone in the samples subjected to the tensile tests, corresponding to representative stages in the sequential wiredrawing process.



Figure 7 shows the microscopic aspect in the fracture surface of some representative samples of the multi-stage wiredrawing sequence object of study.



In the SEM images, a moderate ductile fracture characteristic in metals can be observed. An extensive plastic deformation ahead of crack is presented in all the tested samples and the classic “cup” in the fracture shape is presented. In spite of not seeing signs of fragile fracture in the studied sequence, if it has been observed how the edge of the fracture zone evolves in a smooth circular way in the initial wire rod towards a break with a more heterogeneous edge at the end of the process as a consequence of hardening by cold deformation of the material.



The aspect of the surface in the fracture surface presents spherical “dimples” characteristic in the formation of the micro-voids that initiate crack formation in a ductile fracture. Just after the initial crack formation, typically growing at 90° to the applied tensile stress, the crack propagation occurs by shear deformation and the ductile fracture of the metal materializes.




3.2. Simulations by the Finite Element Method


Once the law of hardening by cold deformation has been determined, the FEM modelling of each one of the reduction stages of the sequential wiredrawing process carried out has been done.



Figure 8 shows the distribution of effective stresses in the section of the wire during the forming process, for each of the 11 wiredrawing stages. In this feature, the values of the effective stress reached in the deformation zone inside the die reduction cone, its evolution as it passes through the calibration zone and at the exit in the drawn wire can be recognized.



The deformation zone (inside the die) is characterized where the maximum value of the effective stress occurs (σeff. (max.)) and the highest percentage of deformation occurs in this zone of reduction of the section. The deformed metal is maintained under the action of a constant tractional stress in all its section at the exit of the die, defined as drawing stress (σdraw) that is a consequence of the drawing force (Fe), the tensile force applied at the end of the wire. Into the zone of the reduction cone, a tensional state composed of tensile–compressive components is generated during the forming stationary process, while from the cylindrical calibration zone and towards the outlet of the die a tensile component is implied, as can be seen in the images obtained from the FE simulations.



As can be observed in the results, the value of the drawing stress (σdraw) is kept below the yield point of the deformed metal, in all the reductions of the sequence under study. This feature guarantees no undesired deformation occurred in the drawn wire and a uniform cylindrical section at the exit of the drawing dies.



Equation (7) defines the drawing force (Fe) as the product of the drawing stress (σdraw) and the area of the section of the drawn wire in each of the stages in the multi-stage wiredrawing process. Table 5 presents the results obtained for the drawing force and the main stresses involved in the wiredrawing process and concerning to the complete wiredrawing sequence.


   F e  =  σ  x e   ×  S   ( i )     



(7)







The graph in the Figure 9 shows the evolution of the value of the significant stresses of the multi-stage wiredrawing process object of this study. The limit of yield of the metal is exceeded only into the zone of deformation, in the conical section into the die since the plastic deformation takes place during the process just into this zone. In all the simulated stages, the drawing stress (σdraw) always reaches values below this yield limit and this condition allows avoiding unwanted permanent deformation in the wire obtained at the exit of each stage.



The drawing stress (σdraw) has been measured considering the average value of effective stresses measured in different nodes in the area near the exit of the die in the simulations performed by Deform 2D and the drawing force (Fe) was obtained by a specific option in the post-processor.



Figure 10 shows the distribution of accumulated effective strain (εeff.) in each of the 11 wiredrawing stages. The accumulated strain distribution is not homogeneous in the whole section of the final wire, showing the smaller values in the core and greater near the wire surface in all stages.



The graph in the Figure 11 shows the evolution of the effective strain distribution in the complete section of the drawn wire (εeff.) in the multi-stage wiredrawing process, for each of the stages of the sequence object of this study.




3.3. Proposal for the Optimization of the Industrial Wiredrawing Process Sequence Design


At this point a proposal is presented to optimize the current industrial process. The study procedure consisted in the emulation of the current process conditions with the aim of improve the multi-step wiredrawing line by low-scale changes for the implementation in the same facilities in which the process is working.



The values of some of the input variables have been taken from the industrial process in operation, as are the geometrical data in terms of semi-angle of dies (αi) and calibration length (Lc (i)), taking values recommended by die manufacturer. The initial (d0) corresponds to the section of the initial aluminium wire rod and the final diameter (df) is the final product diameter.



All the analogous conditions to those applied in the wiredrawing line object of this improvement are shown in the Table 6.



The shape factor Δ introduced in the optimization procedure has been determined as the minimum value to get the same number of stages like the original sequence, since the Pullworks software system works under the principle of a constant delta value. It should be noted that the value of Δ normally associated with minimum drawing stress is in the range of 2–3 [33]. The emulation of the original roughing line was performed considering Δ = 5.20 and the obtained sequence is shown in the Table 7.



The proposed sequence presents eleven drawing passes, the same than the original process working in manufacturing plant. All the technological data, corresponding to the emulated roughing sequence, have been calculated for a final production velocity vf = 21 m∙sec−1.



As it can be observed in the results, the value of the drawing stress (σdraw) is always under the limit established by the yield limit of the drawn metal (σY). It should be noted that Pullworks sets the average value of the yield stress (σY) of the material as the process limit in each of the stages of the process. This methodology implements a conservative limit condition that guarantees a wiredrawing sequence without breaking the wire inside the die nor at the exit and prevents unwanted deformations in the drawn product. In the graphs of the Figure 12, both the drawing stress (σdraw) and the drawing force Fdraw are shown.



A comparison of the results obtained by the FEM simulations and those obtained with the analytical solution can be seen in the graphic representation. In Figure 12a it is observed that the evolution curve of the drawing stress (σdraw) corresponding to the optimized sequence constituted by the analytical solution has slightly lower values and presents a lower slope than the curve corresponding to the FEM simulations of the real sequence. This feature is due fundamentally to the nature of the different methods, numerical and analytical. It can be observed that the analytical results show a growing trend as well as those obtained by the numerical method.



Some previous works show that, on one hand, numerical methodology offers more accurate results respect to the study of the evolution and influence of the main parameters in the wiredrawing process [5,16,17,42] but, on the other hand, our recent work has demonstrated that the analytical methodology is suitable and simple to define the optimum wiredrawing sequence in a multi-stage process [7,8].



As it can be observed in Figure 12b, the drawing force (Fdraw) curves show an identical trend in the results obtained by all the methods applied and, concretely, the curve of drawing force (Fdraw) shows values slightly lower than those obtained by the numerical method.



The analytical solution implemented in the PullWorks software application constitutes a tool based on a lower limit solution, since it only considers the terms of homogenous deformation and the friction one while FEM also considers the effect of inhomogeneous deformations produced in the process. However, this work demonstrates once again the great potential of these two combined applications for the optimization and analysis of the sequential multistage drawing process.





4. Conclusions


The present work shows a procedure for the analysis and optimization of the multi-stage wiredrawing process that involves the fundamentals and techniques of the theory of plasticity. The methodology followed combines the functionalities of the numerical method with the suitability of the analytical method in the case of this particular cold forming process, combined to achieve the objective of analysis and process design.



FEM software application has offered us results about the material behaviour, while the Pullworks software application fundamentally implements the theoretical foundations that facilitates the calculations of the pass schedule design in a multi-stage wiredrawing process. Certainly, FEM is a method more accurate than the slab method and FEM provides the drawing stresses not only at the die exit but in the deformation zone as well. It should be noted that the analytical method underestimates the drawing stress value, since it only considers homogeneous deformation of the wire and the friction in the die-wire interface.



Of the results obtained, the following conclusions should be highlighted:




	
The strain distribution observed in the simulations indicates a greater degree of accumulated strain near the surface of the wire in all the stages of the process. This aspect entails a greater degree of surface hardening by cold deformation and a greater involvement of the residual stresses in this zone in the section of the drawn wire.



	
The drawing stress (σdraw) never exceeds the value of the yield limit of the deformed metal (σY), so that the drawn wire never undergoes unwanted deformations at its exit from the die. This fact has been confirmed by FEM simulations.



	
The experimentally defined hardening law allows to foresee how the value of the yield limit (σY) of EN AW-1370 pure aluminium increases with the applied deformation by wiredrawing. This law, implemented in Deform 2D FEM software, allows to analyse the strain-stress distribution and their evolution in the multi-stage process.



	
The analytical methodology, implemented in the PullWorks software application, allowed us to design a new optimized sequence with the same number of stages than the original. This software tool offers a proposed solution that leads to a more uniform value in the drawing stress (σdraw) as a consequence of a progressive increase in the reduction ratio (see Figure 12), as a result of applying a constant delta value in each of the 11 wire-drawing stages.



	
It should be noted that both in the application of the numerical method and also in the analytical methodology used to refine the sequence of stages, the possible effect of the temperature variation produced in the deformation zone as a result of the process speed has not been considered. It should be noted that we are in the case of cold forming process conditions.








The results of the present study have been made available to the company to consider the future implementation of these methods to analyse the possible improvements in the current process in the production plant.
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Figure 1. The Niehoff MSM-86 multi-stage wiredrawing industrial machine (Niehoff Stranding Technology, Badalona, Spain) with a maximum of 12 stages used to produce the final wire. 
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Figure 2. Construction of the dies (Ø 43 x 25 mm steel frame) and geometry of the PCD (polycrystalline diamond) core. 
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Figure 3. Sliding capstans system and wire-die interface in wiredrawing: input diameter (d0), output diameter (df), semi-angle (α), friction coefficient (μ), bearing length (Lc) and contact length (L). 
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Figure 4. Force vs. elongation graph obtained in the tensile tests (samples of each of the stages). 






Figure 4. Force vs. elongation graph obtained in the tensile tests (samples of each of the stages).



[image: Metals 09 01021 g004]







[image: Metals 09 01021 g005 550] 





Figure 5. Curve-law of hardening by cold deformation of EN AW-1370 wiredrawn aluminium. 
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Figure 6. Aspect of breakage zone (x 30) in representative samples: (a) Ø 9.43 mm. initial rod wire, (b) 1rst reduction Ø 9.43–8.92 mm, (c) 3rd reduction Ø 7.92–6.99 mm, (d) 5th reduction Ø 6.20–5.47 mm, (e) 7th reduction Ø 4.85–4.28 mm, (f) 9th reduction Ø 3.81–3.36 mm and (g) 10th reduction Ø 3.36–2.98 mm. 
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Figure 7. Microscopic images of the surface appearance of the representative samples (250×). 
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Figure 8. Effective stress distribution (σeff) (MPa), in each of the stages of the stationary wiredrawing process. 
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Figure 9. Evolution of main stresses during the multi-step wiredrawing process (stress mean values measured graphically in the simulations by “tracking point” option, with ±5% error tolerance). 
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Figure 10. Effective strain (εeff.) distribution in the section of the wire, for each of the wiredrawing stages. 
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Figure 11. Effective strain distribution curves in the section of the wire, for each of the wiredrawing stages. 
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Figure 12. (a) Drawing stress evolution (b) Drawing force evolution (values from Deform 2D, ±5% error tolerance). 
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Table 1. Standard composition of EN AW-1370 aluminium (adapted from [1], with permission from AENOR, 2014) and composition measured by SEM.
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EN AW-1370

	
Chemical Composition (%)




	
Si

	
Fe

	
Cu

	
Mn

	
Mg

	
Cr

	
Ni

	
Zn

	
Ga

	
V + Ti

	
B

	
Other

	
Al






	
Standard

	
<0.10

	
<0.25

	
<0.02

	
<0.01

	
<0.02

	
<0.01

	
-

	
<0.04

	
<0.03

	
<0.02

	
<0.02

	
<0.10

	
rest




	
Measured

	
0.03

	
0.24

	
0.10

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
99.62
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Table 2. Mechanical properties of the Ø 9.43 mm EN AW-1370 aluminium rod-wire.
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	Diameter (mm)
	Maximum Force Fmáx. (N)
	Breaking Stress σuts (MPa)
	Yield Stress σY(0) (MPa)





	9.50
	6250.38
	89.44
	74.23
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Table 3. Process setup and geometrical data for the wiredrawing of EN AW-1370 aluminium.
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Parameters

	
Wiredrawing Stages






	
Stage Number (i)

	
0

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11




	
Output Diameter, df (mm)

	
9.43

	
8.92

	
7.92

	
6.99

	
6.20

	
5.47

	
4.85

	
4.28

	
3.81

	
3.36

	
2.98

	
2.70




	
Reduction Rate, r

	
-

	
0.118

	
0.211

	
0.221

	
0.213

	
0.221

	
0.213

	
0.221

	
0.207

	
0.222

	
0.213

	
0.179




	
Acum. Reduction, rac.

	
-

	
0.118

	
0.305

	
0.458

	
0.574

	
0.668

	
0.739

	
0.797

	
0.839

	
0.875

	
0.901

	
0.919




	
Elongation, (%)

	
-

	
13.43

	
26.85

	
28.38

	
27.11

	
28.47

	
27.20

	
28.41

	
26.19

	
28.58

	
27.13

	
21.82




	
Die Semi-Angle, α (°)

	
-

	
18

	
18

	
18

	
18

	
18

	
18

	
18

	
18

	
18

	
18

	
18




	
Calibration Length, Lc (mm)

	
-

	
2.67

	
2.37

	
2.10

	
1.86

	
1.64

	
1.45

	
1.28

	
1.14

	
1.00

	
0.89

	
0.81




	
Reduction Zone Contact, (%)

	
-

	
13

	
22

	
21

	
18

	
28

	
30

	
28

	
32

	
41

	
35

	
26




	
Die Shape Factor, Delta Δ

	
-

	
9.81

	
5.20

	
4.95

	
5.15

	
4.94

	
5.14

	
4.95

	
5.31

	
4.92

	
5.15

	
6.26
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Table 4. Process data and limit stresses obtained from the tensile tests.
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Parameters

	
Wiredrawing Stages






	
Stage Number (i)

	
0

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11




	
Drawing Speed (mm.s−1)

	
-

	
915

	
1161

	
1490

	
1894

	
2435

	
3096

	
3977

	
5017

	
6455

	
8206

	
10000




	
Meas. Diameter, df (mm)

	
9.43

	
8.92

	
7.92

	
6.99

	
6.20

	
5.47

	
4.85

	
4.28

	
3.81

	
3.36

	
2.98

	
2.70




	
Output Area, A (mm2)

	
69.89

	
62.51

	
49.25

	
38.37

	
30.19

	
23.49

	
18.47

	
14.38

	
11.40

	
8.86

	
6.97

	
5.72




	
% Area Reduction

	
-

	
10.56

	
21.20

	
22.13

	
21.28

	
22.08

	
21.28

	
22.32

	
20.72

	
22.13

	
21.27

	
17.76




	
% Acc. Area Reduction

	
-

	
11.83

	
30.50

	
45.86

	
57.40

	
66.85

	
73.94

	
79.71

	
83.91

	
87.50

	
90.16

	
91.93




	
Unit Strain, ε

	
-

	
0.11

	
0.23

	
0.25

	
0.24

	
0.25

	
0.24

	
0.25

	
0.23

	
0.25

	
0.24

	
0.20




	
Acc. Unit Strain, εacc

	
-

	
0.11

	
0.35

	
0.60

	
0.84

	
1.1

	
1.33

	
1.58

	
1.81

	
2.06

	
2.30

	
2.50




	
Breaking Force, F (N)

	
6250

	
6242

	
5834

	
4860

	
4119

	
3371

	
2726

	
2191

	
1806

	
1430

	
1170

	
998




	
Breaking Stress, σmáx (MPa)

	
89.4

	
99.8

	
118.4

	
126.7

	
136.4

	
143.3

	
147.2

	
152.3

	
158.3

	
161.0

	
167.3

	
173.5




	
Yield Stress, σY (MPa)

	
74.2

	
94.86

	
115.4

	
122.3

	
130.8

	
136.7

	
140.6

	
144.1

	
152.2

	
151.7

	
163.2

	
167.5








The values